Introduction
Reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), superoxide (O À 2 d) and hydroxyl radical OHd are generated through multiple sources, such as the electron transport chain in mitochondria, various oxidases and ionizing radiations (Ogawa et al., 2003; Genova et al., 2004) . Moreover, some compounds used in chemotherapies induce cell death through ROS generation (Chandra et al., 2003; Chou and Dang, 2005) . During inflammation, ROS are also produced by activated phagocytic cells through NADPH oxidase (Ambruso et al., 2004) . Reactive oxygen species are well known to act as a second messenger in signal transduction processes and gene regulation. For example, ROS trigger several proximal and distal signaling pathways in T cells and induce the activation of several transcription factors, such as nuclear factor-kappa B (NF-kB), which was the first transcription factor shown to be redoxregulated (Schreck et al., 1991; Allen and Tresini, 2000) . This NF-kB activation is important for cellular survival. For example, a recent study in Jurkat leukemic cells has shown that NF-kB activation by H 2 O 2 induces Bfl-1, which in turn attenuates Fas-mediated apoptosis (Kim et al., 2005) .
The mechanism of NF-kB activation by H 2 O 2 (including the tyrosine phosphatase inhibitor pervanadate and hypoxia/reoxygenation) is totally distinct from those triggered by proinflammatory cytokines or mitogens. It involves tyrosine phosphorylation of the inhibitor IkBa, rather than phosphorylation of the classical S32 and 36 by IkB kinase (IKK) complex (Imbert et al., 1996; Schoonbroodt et al., 2000; Livolsi et al., 2001; Fan et al., 2003; Takada et al., 2003) . A number of tyrosine kinases have been proposed to mediate tyrosine phosphorylation of IkBa in T cells: p56 Lck, ZAP-70 (Livolsi et al., 2001) , c-Src (Fan et al., 2003) and Syk (Takada et al., 2003) .
The SH2-containing inositol 5 0 -phosphatase 1 (SHIP-1) is expressed mostly in hematopoietic cells. It contains a central inositol 5 0 -phosphatase domain flanked by an NH 2 -terminal SH2 domain and a COOH-terminal domain containing two NPXY motifs and proline-rich regions (Backers et al., 2003) . The SH2 domain mediates interaction with a large number of tyrosine phosphorylated proteins (Lemay et al., 2000; van Dijk et al., 2000; Rohrschneider et al., 2000; Tomlinson et al., 2004) . NPXY motifs mediate association with the phosphotyrosine-binding domain of Shc (Sattler et al., 1997) and Dok2 (Tamir et al., 2000) . The inositol 5 0 -phosphatase domain acts by hydrolysing inositol metabolites phosphorylated at the 5 0 position, namely PtdIns(3,4,5)P 3 and Ins(1,3,4,5)P 4 (Krystal, 2000) . The membranebound PtdIns(3,4,5)P 3 , generated by PI3-Kinase, is critical for the binding and membrane recruitment of pleckstrin homology (PH)-domain-containing proteins, like the prosurvival protein kinase Akt/PKB. Thus, the catalytic activity of SHIP-1 results in consumption of PtdIns(3,4,5)P 3 , generating PtdIns(3,4)P 2 , and leads to inhibition of PH-domain-containing enzymes, which need PtdIns(3,4,5)P 3 for their activation. SH2-containing inositol 5 0 -phosphatase-1 has thus been described as a negative regulator of immune receptor, cytokine and growth factor receptor signaling (Krystal, 2000) . The analysis of SHIP-1-deficient mice has confirmed the inhibitory role of SHIP-1. Hematopoietic stem cells from SHIP-1 À/À mice displayed increased colony formation in response to interleukin-3, granulocyte macrophage colony-stimulating factor, granulocyte colony-stimulating factor and steel factor, indicating that SHIP-1 acts as a negative regulator of survival and proliferation responses mediated by these cytokines. Furthermore, SHIP-1-deficient mice died prematurely secondary to lung infiltration by myeloid and granulocytic cells (Helgason et al., 1998) .
In this study, we have explored the molecular mechanisms leading to NF-kB activation in human leukemic cells in response to micromolar concentration of H 2 O 2 . In contrast to previous reports (Schoonbroodt et al., 2000; Livolsi et al., 2001; Takada et al., 2003) , we showed that H 2 O 2 can activate the IKK complex in leukemic cells, which in turn induces IkBa phosphorylation on S32 and 36. This activation occurs when SHIP-1 is expressed. T cells naturally defective for SHIP-1 expression (Jurkat cells) activate NF-kB through tyrosine phosphorylation of IkBa without IKK activation, and restoration of SHIP-1 activity in Jurkat cells by lentiviral transduction made them shift to an IKKdependent mechanism of NF-kB activation upon H 2 O 2 stimulation. Furthermore, we showed that SHIP-1-expressing Jurkat cells are much more resistant to H 2 O 2 -induced apoptosis than the parental clone. Overall, our study clearly shows that SHIP-1 is an important regulator of leukemic cell responses to oxidative stress in terms of signal transduction pathways and apoptosis resistance, which could be of interest in improving ROSmediated chemotherapies.
Results
Kinetic differences in NF-kB DNA-binding activity and IkBa degradation in Jurkat and CEM leukemic cells treated by H 2 O 2 and pervanadate To determine the effect of oxidative stress on the activation of NF-kB, Jurkat and CEM leukemic cells were treated with 200 mM of H 2 O 2 or pervanadate. Pervanadate was used because it was shown in the literature to induce the same NF-kB activation mechanism as that by H 2 O 2 (Livolsi et al., 2001) . Nuclear extracts were prepared at different times of treatment and analysed by electrophoretic mobility shift assay (EMSA). We used tumor necrosis factor (TNF)-a as positive control. In Jurkat cells, NF-kB activation by H 2 O 2 started after 60 min of treatment, and maximum activation was reached at 120 min. In CEM cells, addition of H 2 O 2 gave rise to the same kinetic of NFkB activation (Figure 1, left panels) . Analysis of the fate of IkBa in cytoplasmic extracts revealed that it was slowly degraded in both cell lines, reaching its maximum at 240 min. Pervanadate treatment of Jurkat and CEM cells induced a faster NF-kB activation, already beginning at 5 min, and reaching its maximum at 60 min in Jurkat, and 30 min in CEM cells. As shown on anti-IkBa Western blot of cytoplasmic extracts, pervanadate stimulation did not alter the amount of IkBa protein, but induced a change in the mobility of IkBa, with an apparent molecular size of 37 kDa in unstimulated cells to 39 kDa in pervanadate-treated cells (Figure 1 , right panels). In that case, a dissociation mechanism from NF-kB has been described (Beraud et al., 1999) .
Supershift experiments revealed that NF-kB dimers activated by H 2 O 2 and pervanadate consisted of p50 and p65 subunits, and competition experiments using excess unlabeled NF-kB probe confirmed that the retarded band visualized by EMSA was indeed NF-kB (data not shown).
IkBa is tyrosine phosphorylated in Jurkat cells treated by H 2 O 2 and pervanadate, but only by pervanadate in CEM cells Recent reports have shown that H 2 O 2 and pervanadate treatments activate NF-kB through tyrosine phosphorylation of IkBa (Livolsi et al., 2001; Volanti et al., 2002; Takada et al., 2003) . Therefore, we decided to investigate whether H 2 O 2 and pervanadate induced tyrosine phosphorylation of IkBa in Jurkat and CEM leukemic cells by immunoprecipitation of IkBa followed by antiphosphotyrosine blotting. Jurkat cells treated with H 2 O 2 and pervanadate, but not by TNF-a, exhibited tyrosine phosphorylation of IkBa (Figure 2, upper panel) . This phosphorylation was specific of IkBa, as the presence of an IkBa-blocking peptide (five-fold excess) in the immunoprecipitation mixture caused the complete disappearance of the phosphotyrosylated band (Figure 2, upper panel) . In CEM cells, pervanadate addition also induced a specific tyrosine phosphorylation of IkBa (Figure 2 , lower panel). In contrast, no tyrosine phosphorylation of IkBa was detectable at any time points after H 2 O 2 stimulation of CEM cells (Figure 2, lower H 2 O 2 induces IkBa kinase activation in CEM, but not in Jurkat cells As our results indicated that H 2 O 2 -induced NF-kB activation is mediated through the phosphorylation of IkBa on S32 and 36 in CEM cells, we next explored whether H 2 O 2 can activate the IKK complex, which catalyses the serine phosphorylation of IkBa. An in vitro immune complex kinase assay using GST-IkBa (1-55) as substrate showed that both TNF and H 2 O 2 activated IKK in CEM cells. H 2 O 2 -induced IKK activation was even stronger than that induced by TNF, and reached a maximum 60 min after treatment. Pervanadate stimulation induced a weak IKK activation. This reaction was specific, as no phosphorylation of the mutated GSTIkBa S32, 36A was detected under these conditions ( Figure 3b Altogether, these data suggest that the mechanism of H 2 O 2 -induced NF-kB activation in leukemic cell lines is cell-type dependent. In Jurkat cells, it induces, like pervanadate stimulation and as previously reported (Livolsi et al., 2001; Takada et al., 2003) , a tyrosine phosphorylation of IkBa without IKK activation. In CEM cells, it induces a classical mechanism involving IKK complex activation and subsequent phosphorylation of IkBa on S32 and 36. However, NF-kB activation by pervanadate in CEM cells still induces a tyrosine phosphorylation of IkBa without IKK activation, suggesting that the NF-kB activation mechanism induced by pervanadate is different from that induced by H 2 O 2 .
To our knowledge, it is the first time that an IKK activation and a subsequent phosphorylation of IkBa on S32 and 36 upon micromolar H 2 O 2 stimulation is reported in T lymphocytes (namely in CEM cells). We thus decided to explore why H 2 O 2 can activate the IKK complex in CEM, and not in Jurkat T cells. were treated for the indicated times. After treatment, an in vitro IKK assay using either a wild-type GST-IkBa 1-55 (wt) or S32, 36A-mutated GST-IkBa 1-55 (m) was carried out. Coomassie blue staining of the substrate (cb) is shown as a loading control.
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Differential expression of the lipid phosphatase SHIP-1 in CEM and Jurkat cells Previous works have shown that the Jurkat leukemic cell line is deficient in SHIP-1 at the protein level, but that CEM cells express the protein normally (Bruyns et al., 1999; Freeburn et al., 2002; Horn et al., 2004) . To confirm that difference in our cell lines, we carried out Western blotting analysis with specific antibodies raised against SHIP-1 and another inositol lipid phosphatase, namely SHIP-2. HeLa cells were used as control.
Immunoblotting confirmed that Jurkat cells contained no detectable protein for either SHIP-1 or SHIP-2. CEM cells contained protein for SHIP-1, but barely detectable levels of SHIP-2, as previously described (Freeburn et al., 2002) (Figure 4 ). Although SHIP-1 has been described as a negative regulator of immune receptor and cytokine and growth factor receptor signaling (Krystal, 2000) , a recent work proposed that SHIP-1 has a positive role in TLR4 signaling, notably by positively regulating NF-kB-dependent gene transcription in response to LPS stimulation (Fang et al., 2004) . Taking into account these informations, we hypothesized that this difference of SHIP-1 distribution could explain the difference of H 2 O 2 -induced NF-kB activation mechanism in our two leukemic cell lines. Therefore, we decided to rescue Jurkat cells for SHIP-1 and to investigate H 2 O 2 -induced NF-kB activation mechanism in that cell type. H 2 O 2 -induced NF-kB activation in the Jurkat JR subclone The Jurkat JR subclone (also termed Wurzburg) is well known in the literature to be more sensitive to oxidantinduced NF-kB activation than the parental cell line (Figure 8d ). Altogether, these data indicate that the expression of SHIP-1 in Jurkat cells (naturally or by viral transduction) modifies the signaling pathway leading to NF-kB activation after H 2 O 2 stimulation.
Jurkat cells complemented with SHIP-1 are more resistant to H 2 O 2 -induced apoptosis than the parental Jurkat cells To gain further insight into the physiological relevance of SHIP-1 restoration in Jurkat leukemic cells, it looked interesting to investigate the role of SHIP-1 expression on cell viability after H 2 O 2 stimulation. Indeed, recent data suggest that ROS regulate T-cell apoptosis (Hildeman, 2004) , and cytotoxicity of some compounds used in antileukemic chemotherapy, like arsenic or adaphostin, is based on ROS production (Chandra et al., 2003; Chou and Dang, 2005) . Furthermore, SHIP-1 was recently described as an inhibitor of c-Jun N-terminal kinase (JNK) cascade, a critical mediator of cell death (Robson et al., 2004) . For all of these reasons, we investigated the effects of SHIP-1 complementation on H 2 O 2 -induced Jurkat cell death. To do that, Jurkat wt and SHIP-1 positive were treated with increasing H 2 O 2 concentrations (50, 100 and 200 mM) for 6 and 24 h and analysed by fluorescence-activated cell sorting (FACS) using Annexin V/PI staining. As shown in Figure 9a 
Discussion
Understanding NF-kB activation mechanism upon oxidative stress stimulation is of importance, as this transcription factor plays a key role in a series of cellular process, notably cellular survival through the induction of antiapoptotic genes like Bfl-1 (Kim et al., 2005) . Many published reports to date concerning NF-kB activation by oxidative stress in leukemic cells have highlighted a peculiar mechanism of activation. It SHIP-1 modifies leukemic cell response to oxidative stress G Gloire et al involves tyrosine phosphorylation of the inhibitory protein IkBa, without implication of the IKK complex and subsequent phosphorylation of IkBa on S32 and 36 (Schoonbroodt et al., 2000; Takada et al., 2003) . Nuclear factor-kappa B activation by sodium pervanadate, a potent tyrosine phosphatase inhibitor, was shown to follow the same mechanism (Imbert et al., 1996; Livolsi et al., 2001) . In the present report, we show for the first time that this activation pathway is not taking place in every cell line. We clearly demonstrate that SHIP-1-expressing leukemic cells (i.e. CEM and Jurkat JR cells) followed an IKK-dependent mechanism of NF-kB activation upon oxidative stress treatment, without tyrosine phosphorylation of IkBa. In contrast, in Jurkat cells, which are SHIP-1 negative, we observed a tyrosine phosphorylation of IkBa and no IKK activation. This observation is in agreement with other works (Schoonbroodt et al., 2000; Livolsi et al., 2001) . The complementation of Jurkat cells with SHIP-1 by lentiviral transduction made them shift to an IKKdependent mechanism upon H 2 O 2 stimulation, confirming the key role of SHIP-1 in that process. The phosphatase domain of SHIP-1 seemed important, as the complementation of Jurkat cells with a catalytic inactive mutant of SHIP-1 prevented IKK activation. These results suggest that (i) IKK complex is indeed activated by H 2 O 2 , and this activation is mediated by SHIP-1 and (ii) there is still an NF-kB activation in SHIP-1 negative leukemic cells, but these follow an alternative mechanism depending on tyrosine phosphorylation of IkBa.
The most intriguing question that comes out of this work is the understanding of how SHIP-1 mediates IKK redox activation in leukemic cells. SH2-containing inositol 5 0 -phosphatase 1 is classically described as an inhibitory protein involved in the downregulation of important mediators of cell proliferation and apoptosis, like Akt (Rohrschneider et al., 2000) . We found for the first time that SHIP-1 is positively involved in NF-kB transduction pathway by allowing IKK complex activation upon H 2 O 2 treatment. Indeed, some reports have already described a positive role for SHIP-1 in cell signaling. For example, SHIP-1 has a positive role in TLR4 signaling, notably by positively regulating NFkB-dependent gene transcription in response to LPS stimulation (Fang et al., 2004) . Therefore, it becomes now more and more clear that SHIP-1 can have both a negative and a positive role in cellular signaling, depending on the nature of the stimulus and the cell type. How SHIP-1 mediates NF-kB activation remains unclear. Cells lacking SHIP-1 (i.e. Jurkat cells) present a very high basal level of PtdIns(3,4,5)P 3 and a subsequent constitutive Akt activation, which is not the case for SHIP-1-positive cells (Freeburn et al., 2002; Horn et al., 2004) . This difference might in turn influence a very large number of cellular events, including IKK activation (Cantley, 2002) . As we showed a downregulation of IKK activation in Jurkat expressing a catalytic inactive SHIP-1, it is possible that the Akt signaling may be implicated in IKK activation. Another hypothesis to explain the positive role of SHIP-1 in IKK redox SHIP-1 modifies leukemic cell response to oxidative stress G Gloire et al regulation in T cells might be the association of SHIP-1 with the TCR. Such an interaction was already reported in vitro by Osborne et al. (1996) , who showed that SHIP-1 binds phosphorylated ITAM of the CD3 complex via its SH2 domain. It is possible that SHIP-1 acts as a scaffold protein that, when present, mediates a sustained IKK activation through a TCR-mediated signaling pathway. Given our results obtained with the SH2-mutated SHIP-1 (R41G), which shows a reduced IKK activation upon H 2 O 2 induction, and given that a number of TCR-associated proteins are phosphorylated upon oxidative stress (Livolsi et al., 2001) , it is possible that this mechanism really occurs in T cells. However that may be, both SH2 and catalytic domains of SHIP-1 seem to share equal importance in IKK redox regulation, and further works are needed to clarify this mechanism.
We also demonstrated in this work that restoration of SHIP-1 activity protected Jurkat leukemic cells from H 2 O 2 -induced apoptosis. This unexpected result might be of importance as many chemotherapies are based on ROS-induced cell death (Chandra et al., 2003; Chou and Dang, 2005) . Some recent reports are in agreement with our results. Robson et al. (2004) demonstrated that SHIP-1, via its interaction with Dok-3, inhibits the Jun N-terminal protein kinase pathway in B cells. The JNK cascade is well known to play a key role in programmed cell death (Karin and Gallagher, 2005) , which might explain the positive role of SHIP-1 in protecting leukemic cells from ROS-induced apoptosis. It is also interesting to note that if SHIP-1 À/À mice exhibit substantial increase in the percentage of circulating monocytes and mature neutrophiles, these also reveal a concomitant decrease in the percentage of circulating lymphocytes (Helgason et al., 1998) , suggesting that SHIP-1 might have a key effect on lymphocyte survival, which is totally in agreement with our results. Further works are needed to elucidate SHIP-1 antiapoptotic role, which appears to be highly cell-type dependent.
Materials and methods

Cell culture, antibodies and reagents
The human leukemic cell lines Jurkat, Jurkat JR and CEM were cultured in humidified incubators at 371C, 5% (v/v) CO 2 in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine serum. Antibodies anti-p50, p52, p65, RelB, c-Rel, SHIP-1, rabbit polyclonals anti-IkBa and anti-NEMO/IKKg and IkBa blocking peptide were from Tebu Bio (Santa Cruz, CA, USA). Phospho-specific anti-IkBa (S32-36) was purchased from Cell Signaling (Beverly, MA, USA). Antiphosphotyrosine antibody (4G10) was from UBI (Lake Placid, NY, USA). Monoclonal anti-IkBa antibody (MAD10B) and polyclonal anti-SHIP-2 antibody were a gift from R Hay (St Andrews, Scotland) or previously described (Bruyns et al., 1999; Muraille et al., 1999) . H 2 O 2 , ALLN and aminotriazole were from Sigma (St Louis, MO, USA). Human recombinant TNF-a was from Roche (Mannheim, Germany).
Lentiviral vectors and transduction protocol
Myc-tagged SHIP-1 wt and D672A (catalytic mutant) expression vectors were reported before and provided by Dr Lyndsay A Drayer (Drayer et al., 1996; Boer et al., 2001) . SHIP-1 genes were subcloned in the BamHI/XhoI sites of the TRIPDU3-EF1a lentiviral vector (Ravet et al., 2002) . Vector particles were produced by transient calcium phosphate cotransfection of 293T cells as previously described (Ravet et al., 2002) . Vector particle concentration was normalized by measuring the amount of p24 in the supernatant, using an anti-p24 enzymelinked immunosorbent assay test (Innogenetics, Belgium). Virus particles (2 mg ) were then added to 250 000 Jurkat cells in a final volume of 500 ml of RPMI medium during 24 h. The cells are then washed, amplified and tested for SHIP-1 expression.
Generation of oxidative stress
For H 2 O 2 treatments, cells were preincubated (50 mM, 1 h) with aminotriazole, an inhibitor of catalase, and then subjected to H 2 O 2 stress (Livolsi et al., 2001) . Pervanadate was prepared as previously described (Imbert et al., 1996) .
Western blotting and electrophoretic mobility shift assay Cytoplasmic extracts were analysed by Western blotting as described (Schoonbroodt et al., 2000) . Nuclear extracts and EMSA experiments were carried out as described (Schoonbroodt et al., 2000) using a 32 P-labeled oligonucleotide probe (5 0 -GGTTACAAGGGACTTTCCGCTG-3 0 , Eurogentec, Lie`ge, Belgium) corresponding to the kB site of the HIV-1 LTR.
Immunoprecipitation assays
After treatment, 15-20 Â 10 6 cells were lysed for 15 min on ice in whole-cell extraction buffer (25 mM HEPES-KOH, 150 mM NaCl, 0.5% (v/v) Triton X-100, 10% (v/v) glycerol, 1 mM dithiothreitol (DTT), 1 mM Na 3 VO 4 , 25 mM b-glycerophosphate, 1 mM NaF and protease inhibitors (complete, Roche)). Lysates containing total proteins were incubated with 2 mg/ml of antibodies 2 h at 41C. Immunocomplex was precipitated using protein A-Agarose beads overnight at 41C. Beads were washed and then resuspended in SDS sample buffer, boiled for 3 min and fractionated in SDS-PAGE.
In vitro IKK assay IKK complex was precipitated using an antibody against NEMO/IKKg as described in Immunoprecipitation assays.
Immunoprecipitates were then resuspended in 30 ml of kinase buffer (25 mM HEPES-KOH pH 7.5, 10 mM MgCl 2 , 25 mM b-glycerophosphate, 1 mM DTT and 1 mM Na 3 VO 4 ) supplemented with ATP (5 mM) in the presence of either wild-type gluthatione S-transferase (GST)-IkBa 1-55 or mutant GSTIkBa S32-36A and were incubated at 301C for 45 min. Reactions were stopped by the addition of SDS loading buffer and were subjected to SDS-PAGE. Proteins were electrotransfered onto PVDF membranes and blotted with a phospho-specific antiIkBa (S32-36) antibody.
Detection of apoptosis by FACS analysis
Hydrogen peroxide-induced apoptosis was measured using an apotosis detection kit (Annexin V-fluorescein and propidium iodide) (Roche, Mannheim, Germany), according to the manufacturer's instructions. Cells were analysed on a FACSvantage s instrument (Becton Dickinson, San Diego, CA, USA) equipped with the CellQuest software s . A total of 10 000 events per sample were collected in a dot plot displaying the FSC and SSC properties of the cell. The fluorescein isothiocyanate signal of Annexin V was detected at 518 nm by FL1, and propidium iodide fluorescence was detected at 620 nm by FL2.
